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Abstract A diverse set of tectonic features and the recent availability of high-quality broadband
seismic data from the USArray and other stations on the northern Great Plains of North America provide
a distinct opportunity to test different anisotropy-forming mechanisms. A total of 4138 pairs of
well-defined splitting parameters observed at 445 stations show systematic spatial variations of anisotropic
characteristics. Azimuthally invariant fast orientations subparallel to the absolute plate motion (APM)
direction are observed at most of the stations on the Superior Craton and the southern Yavapai province,
indicating that a single layer of anisotropy with a horizontal axis of symmetry is sufficient to explain the
anisotropic structure. For areas with simple anisotropy, the application of a procedure for estimating the
depth of anisotropy using spatial coherency of splitting parameters results in a depth of 200–250 km,
suggesting that the observed anisotropy mostly resides in the upper asthenosphere. In the vicinity of the
northern boundary of the Yavapai province and the Wyoming Craton, the splitting parameters can be
adequately explained by a two-horizontal layer model. The lower layer has an APM-parallel fast orientation,
and the upper layer has a fast orientation that is mostly consistent with the regional strike of the boundary.
Based on the splitting measurements and previous results from seismic tomography and geodynamic
modeling, we propose a model involving deflecting of asthenosphere flow by the bottom of the lithosphere
and channeling of flow by a zone of thinned lithosphere approximately along the northern boundary of the
Yavapai province.

1. Introduction

Intensive geological and geophysical research over the past several decades has demonstrated that
mechanical anisotropy is a pervasive characteristic of the Earth’s crust and upper mantle. Measurements of
the strength and orientation of seismic anisotropy from splitting of teleseismic P-to-S converted phases at
the core-mantle boundary on the receiver side, such as SKS, SKKS, and PKS (hereinafter are collectively called
XKS) have provided the geoscientific community with important information on the structure and defor-
mation of the Earth’s deep interior [Silver, 1996; Savage, 1999; Fouch and Rondenay, 2006; Long and Silver,
2009]. The splitting parameters, the fast orientation (𝜙) and the splitting time between the fast and slow split
shear waves (𝛿t), are measurements of the orientation and strength of the anisotropy, respectively, and have
been increasingly used by a wide range of geoscientists to understand crustal and mantle structure and
dynamics [Silver and Holt, 2002; Maupin et al., 2005; Becker et al., 2006; Fouch and Rondenay, 2006; Marone
and Romanowicz, 2007; Kreemer, 2009; Gao et al., 2010; Yuan and Romanowicz, 2010; Conrad and Behn, 2010;
Satsukawa et al., 2011; Huang et al., 2011; Li et al., 2011].

In spite of the numerous studies, the origin of the observed seismic anisotropy is still a topic of much debate.
While the lattice preferred orientation (LPO) of the crystallographic axis of olivine is believed to be the main
cause of anisotropy, whether the LPO mostly takes place in the lithosphere or the asthenosphere is still not
certain [Silver, 1996; Frederiksen et al., 2007]. In the lithosphere, most studies proposed that the LPO associ-
ated with past tectonic events was responsible for the observed anisotropy with a fast orientation parallel
to the strike of the orogenic zones [Silver, 1996; Fouch and Rondenay, 2006], and in the asthenosphere, the
LPO could result from simple shear originated from flow gradient [Vinnik et al., 1992; Bormann et al., 1996;
Tommasi et al., 1996]. Another possible mechanism that can form anisotropy in the mantle is preferably
oriented magmatic dikes in the lithosphere [Gao et al., 1997, 2010; Kendall et al., 2005].

The northern Great Plains of North America (Figure 1) is well sampled by the USArray stations with outstand-
ing data quality and has experienced various of deformational and magmatic events from the Precambrian
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Figure 1. Bouguer gravity anomaly map of the study area showing seismic stations used in the study (pluses) and major
tectonic provinces. The solid brown lines separate Precambrian basement terranes [Hoffman, 1988; Zhao et al., 2002].
Also shown are previous shear wave splitting measurements in the study area [Silver and Chan, 1991; Vinnik et al., 1992;
Silver and Kaneshima, 1993; Sandvol and Ni, 1994; Savage et al., 1996; Barruol et al., 1997a, 1997b; Kay et al., 1999; Frederik-
sen et al., 2013b]. For a given study, the same color is used for the citation in the legend and the bars in the map. THO:
Trans-Hudson orogeny; MCR: Midcontinent rift; RGR: Rio Grande rift.

to the Cenozoic [Karlstrom and Bowring, 1988; Whitmeyer and Karlstrom, 2007]. Major tectonic provinces
include the Archean Superior Craton (>2.5 Ga), Penokean orogeny (2.45–1.75 Ga), Trans-Hudson orogeny
(THO, 2.0–1.8 Ga), Wyoming Craton (>2.5 Ga), Yavapai province (1.9–1.7 Ga), Proterozoic Midcontinent rift
(MCR, >1.1 Ga), and the Cenozoic Rio Grande rift [Whitmeyer and Karlstrom, 2007]. Precambrian accretion
of Archean microcontinents formed most of the basement in the area [Hoffman, 1989; Davidson, 1995;
Holm, 1999]. The Cenozoic widespread extension created a series of magmatic episodes and formed the Rio
Grande rift [Morgan et al., 1986; Coward et al., 1987; Baldridge et al., 1991; Balch et al., 1997; Mosher, 1998;
Lawton and McMillan, 1999; McMillan et al., 2000].

Seismic body wave tomographic models suggested a high-velocity feature beneath the western Superior
Craton, probably associated with elevated lithospheric anisotropy [Grand and Helmberger, 1984; Frederiksen
et al., 2013a, 2013b]. Beneath the Superior Craton, the thickness of the lithosphere varies between 200
and 250 km [Darbyshire et al., 2007; Darbyshire and Lebedev, 2009]. A low-velocity channel-shaped feature
was proposed toward the southeast through the southern extreme of the THO and Superior Craton into
the Penokean orogeny [Frederiksen et al., 2013a], approximately along the northern edge of the Yavapai
province. Three possibilities, including a mantle plume, a failed branch of the MCR, and an older feature from
the Superior accretion, were proposed for the origin of the channel [Frederiksen et al., 2013a]. The thickness
of the lithosphere beneath the Great Plains is about 200–250 km and reduces to about 125 km beneath the
western U.S. orogenic zone [van der Lee and Frederiksen, 2005; Darbyshire et al., 2007; Bedle and van der Lee,
2009; Darbyshire and Lebedev, 2009; Yuan and Romanowicz, 2010].

The vast majority of the previous shear wave splitting (SWS) investigations in the study area (Figure 1)
assumed a single layer of anisotropy with a horizontal axis of symmetry. A study conducted by Silver and
Chan [1991] involved two stations on the Superior Craton. Large splitting times (>1.7 s) and NE-E fast ori-
entations were observed. A lithospheric deformation model was proposed to explain the obtained splitting
parameters. The same stations were used by Vinnik et al. [1992] to suggest that there was a positive corre-
lation between the absolute plate motion (APM) direction and the fast orientation of anisotropy. Silver and
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Kaneshima [1993] found that the fast orientations displayed good geologic coherence in the western Supe-
rior Craton and the THO, and the delay times (0.40–1.75 s) showed systematic variations across the transition
zone of the two areas. They concluded that Precambrian fossil fabrics preserved in the subcontinental litho-
sphere dominated the observed anisotropy. Savage et al. [1996] reported variable splitting parameters and
implied a single-layer anisotropy structure across the Rocky Mountain Front. They proposed that the fast
orientations were consistent within small geographic regions and that weak anisotropy with a horizon-
tal symmetry axis was present beneath the study area. A model of asthenospheric flow converging on or
diverging from the central uplifted region of the Rocky Mountain Front was postulated. Barruol et al. [1997a]
suggested the existence of an asthenosphere flow channeled around the North American cratonic root.
Frederiksen et al. [2007] proposed a lithospheric anisotropy and reported splitting parameters as ENE-WSW
and 1.34 s at stations west of 86◦W and E-W and 0.67 s on the eastern Superior Craton. SKS splitting mea-
surements at 40 stations in the U.S. and five in Canada on the Superior Craton and surrounding areas were
attributed to lithospheric fabrics (Figure 1) [Frederiksen et al., 2013b].

Complex anisotropy was proposed by recent studies for portions of the study area. Yuan and Romanowicz
[2010] used a three-layer anisotropy model beneath central North America to interpret the results of sur-
face wave inversion. The top layer resides in the lithosphere and the fast orientation is mostly consistent
with the geological trends, indicating ancient orogenic collisional activities. The middle layer, which is also
in the lithosphere, has a N-S fast orientation, while the bottom layer, which is in the asthenosphere, is dom-
inated by NE-SW fast orientations which are subparallel to the APM direction of the North American Plate.
Beneath the southwestern edge of the North American continent, Refayee et al. [2013] suggested a single
layer of anisotropy in the majority of the areas. They proposed that shearing between the partially coupled
lithosphere and asthenosphere was the origin of the observed anisotropy, with small contributions from the
lithosphere beneath areas with two-layer anisotropy. A model involving deflecting of asthenospheric flow
along the western and southern edges of the North American continent was used to interpret the observed
edge-parallel fast orientations and large splitting times.

The northern Great Plains is an ideal locale for distinguishing different anisotropy models (lithospheric,
asthenospheric, or both) and for investigating the degree of coupling of lithosphere and asthenosphere, for
the following reasons: (1) There are several major Precambrian tectonic provinces such as the Superior Cra-
ton, THO, Wyoming Craton, and the MCR with spatially varying lithospheric thickness and tectonic trends;
(2) There is an excellent spatial coverage by the USArray stations from which numerous splitting parameters
can be obtained; (3) A number of recent seismic tomographic [Yuan and Romanowicz, 2010; Frederiksen et
al., 2013a, 2013b] and geodynamic modeling studies [Forte et al., 2007; Conrad and Behn, 2010] in the area
provided additional constraints on anisotropy-forming mechanisms.

2. Data and Methods

The broadband seismic data used in the project were recorded by 388 stations of the USArray, 19 per-
manent and 38 portable stations from 1992 to 2012 within the area of 108◦W–90◦W and 39◦N–51◦N. We
requested data from the IRIS (Incorporated Research Institutions for Seismology) DMC (Data Management
Center) based on the criteria that the epicentral distance for PKS, SKKS, and SKS is 120◦–180◦, 95◦–180◦, and
84◦–180◦, respectively [Gao and Liu, 2009], and that the minimum magnitude is 5.6 for all the events with
the focal depths less than 100 km. For deeper events, the corresponding magnitude is reduced by 0.1 in
order to make better use of the sharper waveform.

Based on the method of minimizing energy on the corrected transverse component [Silver and Chan, 1991],
Liu [2009] produced a set of robust procedures to obtain reliable SWS parameters. A band-pass filter with
corner frequencies of 0.04–0.5 Hz was applied to the seismograms. An automatic data selection procedure
was used to reject XKS waveforms with low signal-to-noise ratio on the original radial component [Gao and
Liu, 2009; Liu and Gao, 2013]. Visual inspections were made to all the measurements, and manual adjust-
ments were applied when necessary, on the start and end times of the XKS window, on the quality ranking
determined automatically, and on the band-pass filtering frequencies [Liu and Gao, 2013]. A total of 445 sta-
tions (Figure 1) were found to have at least one quality A or B [Liu et al., 2008] XKS measurement. The number
of events used in the study is 492 (Figure 2).
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Figure 2. Azimuthal equidistant projection map showing earthquakes used in the study (open dots). The radius of the
dots is proportional to the number of resulting well-defined splitting measurements from the events.

3. Results

A total of 4138 pairs of well-defined (quality A and B, see Liu et al. [2008] for ranking criteria) splitting param-
eters are obtained, including 447 for PKS, 749 for SKKS, and 2942 for SKS measurements (Figure 3; See also
Tables S1 and S2 in the supporting information). The mean value of the splitting times (Figure 4) over all the
measurements is 0.98±0.32 s which is almost the same as the global average of 1.0 s for continents [Silver,
1996] and corresponds to a 110±30 km thick layer with a 4% anisotropy [Mainprice et al., 2000].

The Superior Craton contains 1079 pairs of measurements from 63 stations and shows large splitting times
(1.12±0.31 s). The mean fast orientation is 47.8±17.5◦. Fast orientations in the THO show three general pat-
terns: NE in the north, W-E in the center, and SE in the south. The 414 measurements from 38 stations have
a mean fast orientation of 67.8±32.0◦ and a mean splitting time of 0.93±0.30 s. The Wyoming Craton con-
tains 314 measurements from 38 stations. The fast orientations, which are spatially inconsistent, have a
mean of 65.0±41.0◦. The mean splitting time for this area is 0.92±0.33 s. The Rio Grande rift contains 394
measurements from 31 stations. The mean splitting parameters are 82.0±26.8◦ and 0.98±0.32 s. The 1073
measurements from 115 stations in the Yavapai province have a mean fast orientation of 74.7±27.5◦ and
a mean splitting time of 0.89±0.28 s. The mean splitting parameters of the 310 measurements from 26
stations in the MCR are 56.6±21.8◦ and 0.95±0.27 s, respectively. The 36 stations located in the Penokean
province resulted in 312 measurements with mean splitting parameters 59.9± 30.8◦ and 0.90±0.29 s.

3.1. Relationship Between the Fast Orientations and the APM
We calculate the absolute differences between the APM and the observed fast orientations in the range of
0◦ to 90◦ for each of the 4210 ray-piercing points (including results of previous studies from Figure 1) at the
depth of 200 km to illustrate the spatial variation of the fast orientations. The APM direction was determined
using the model of Gripp and Gordon [2002] in a fixed hot spot frame. We obtained the absolute difference
between the two directions and resampled the results in 1◦ × 1◦ overlaying blocks with a moving step of
0.05◦ (Figure 5). The results indicate that the fast orientations are about 30◦–50◦ away from the APM in the
THO and the Penokean orogeny and that the fast orientations in the Superior Craton generally correlate well
with the APM direction. Fast orientations in the central Yavapai province vary spatially, leading to apparent
deviations from the APM. Large deviations are observed in two areas: the Great Falls tectonic zone (centered
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Figure 3. Shear wave splitting measurements plotted above 200 km ray-piercing points. The background image shows P
wave velocity anomalies at the depth of 200 km [Burdick et al., 2014]. The orientation of the red bars represents the fast
orientation, and the length is proportional to the splitting time. The arrows indicate the APM direction.

at 109◦W, 49◦N) in which the fast orientations are mostly N-S and the Rio Grande rift (centered at 106◦W,
38◦N) in which the splitting parameters are spatially varying. For most other parts of the study area, the fast
orientations and the APM are less than 30◦ apart (Figure 5).

3.2. Spatial Distribution of Splitting Times
The spatial distribution of splitting times (Figure 4) are investigated using the mean value of individual split-
ting times in overlapping 0.1◦ × 0.1◦ blocks with a moving step of 0.01◦. The results (Figure 4) show that the
splitting times decrease generally from north to south and the largest ones (>1.5 s) are located on the south-
west part of the Superior Craton. Small splitting times (≤ 0.8 s) are located along the contact between the
Yavapai and the Penokean provinces and in the central Yavapai province (Figure 4). The area covered by the
MCR in the Yavapai province has larger splitting times than the surrounding areas. The THO and Wyoming
Craton are characterized by splitting times of 0.7–1.0 s. Splitting times in the Rio Grande rift are about 1.0 s;
this region generally shows the largest deviations between fast splitting orientations and APM direction.

4. Discussion
4.1. Spatial Distribution of Complex Anisotropy
Identification of complex anisotropy is essential for making reasonable interpretations of the SWS mea-
surements and for understanding the XKS waveforms and the particle motion patterns, because complex
anisotropy usually leads to an incomplete removal of XKS energy on the corrected transverse component
[Silver and Savage, 1994; Liu and Gao, 2013]. The most common forms of complex anisotropy are character-
ized by systematic azimuthal variations of the splitting parameters [Silver and Savage, 1994]. On the other
hand, for simple anisotropy, the apparent splitting parameters are invariant with the back azimuth.

We visually examine the observed splitting parameters for all of the 445 stations to identify the ones with
systematic azimuthal variations. To quantitatively represent the spatial distribution of complex anisotropy,
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Figure 4. Spatial distribution of splitting times. Red triangles represent seismic stations used in the study.

we divide the stations into three types. For stations with no systematically varying splitting parameters, we
assign a complex anisotropy index value of 0 to describe one-layer anisotropy (Figure 6a). We give an index
value of 2 to stations with systematic azimuthal variations (Figures 6c and 6d), and a value of 1 to stations
with poor azimuthal coverage (Figure 6b), at which the existence of complex anisotropy cannot be deter-
mined. We then spatially average the assigned index values using a cosine arch filter with a radius of 2◦ and
moving step of 0.05◦. The results (Figure 7) suggest that one-layer anisotropy is mostly located in the Supe-
rior craton (Area A) and the eastern part of the Yavapai province (Area B) in the study area. The area with
complex anisotropy is mainly along the Yavapai-Penokean suture zone, on the Wyoming Craton, and along
the Rio Grande rift (Figure 7, Area C).

In order to quantify the complex anisotropy using a two-layer model [Silver and Savage, 1994], we grid
search for the two pairs of splitting parameters to fit the observed results in Area C. To obtain stable results,
we combine nearby stations with similar patterns of azimuthal variation of the splitting parameters together
and divide the area into 11 blocks. To reduce well-known ambiguities [Gao and Liu, 2009], we set the 𝜙 of the
lower layer to be parallel to the APM direction and limit the splitting time of the lower layer, 𝛿t1, in the range
of 0.2 s to 1.5 s and search for the parameters of the upper layer. We also tested a number of other assump-
tions (e.g., fixing the 𝜙 of the upper layer to be parallel to the APM direction) and found that they could not
produce a better fit to the observed data than the above assumption. Figure 8 shows the observed split-
ting parameters and the fitted results for the block in the vicinity of station J27Axx_TA. The resulting optimal
splitting parameters for all the 11 blocks are shown in Figure 7. The fast orientations of the upper layer are
mostly E-W, and for most of the blocks along the northern boundary of the Yavapai province, they are mostly
consistent with the strikes of the boundary. The splitting times of the upper layer range from 0.35 s to 1.20
s, corresponding to a thickness of about 40–140 km for a layer with 4% anisotropy. The 𝜙 of the upper layer
observed at the Wyoming Craton and the Rio Grande rift is NW-SE.

4.2. Testing the Hypothesis of Three-Layer Anisotropy
The three-layer anisotropic structure proposed by Yuan and Romanowicz [2010] from surface-wave inversion
in our study area includes two layers in the lithosphere and one layer in the asthenosphere. The fast orien-
tations of the top layer (from the surface to the depth of about 80 km), which has a very weak anisotropy of
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Figure 5. Absolute difference between the observed fast orientations and the APM direction (white arrows).

about 0.6–1.0%, are consistent with the geological trends. The splitting time of this layer can be up to about
0.2 s. The second layer has an approximately N-S fast orientation and a depth range of 80–200 km in the
study area. The splitting time from this layer is about 0.6 s with a 2.0% anisotropy. The bottom layer, which
resides in the asthenosphere, has an APM-parallel fast orientation and a strong anisotropy of 2.5%. A 1.0 s
splitting time would be caused by this layer with a 200 km thickness.

To test the three-layer anisotropy model proposed by Yuan and Romanowicz [2010], we calculate theoretical
splitting parameters based on the multiple-layer formula in Silver and Savage [1994]. The model has a lower
layer with 𝜙1 = 70◦ and 𝛿t1 = 1.0 s, a middle layer with 𝜙2 = 0◦ and 𝛿t2 = 0.7 s, and an upper layer with
𝜙3 = 60◦ and 𝛿t3 = 0.3 s. The results are plotted in Figures 9d and 9e. A clear pattern of π∕2 periodicity
is observed.

We verify the reliability of the three-layer curves by generating synthetic seismograms from the same three
pairs of splitting parameters. The original shear wave before splitting has the form of R(t) = A0 sin(2πft)e−𝛼t

in which the amplitude A0 = 100, frequency f = 0.15 Hz, and the decay factor 𝛼 = 0.1. The original trans-
verse and radial components are calculated from 180 events with back azimuth ranging from 0 to 179◦ with
an interval of 1◦. Figure 9a shows the original transverse components. Figures 9d and 9e show the resulting
apparent fast orientations and splitting times. The results from the synthetic test match very well with the
theoretical curves.

We then compute theoretical apparent splitting parameters for a series of three-layer models with
57.0◦–60.0◦ and 0.2–0.4 s for the top layer, −5.0◦–5.0◦ and 0.6–0.8 s for the middle layer, and 70.0◦–75.0◦

and 0.9–1.1 s for the bottom layer, with an interval of 1◦ for 𝜙 and 0.1 s for 𝛿t. Figure 8 shows some of the
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Figure 6. Azimuthal variation of observed fast orientations at four stations. (a) A27Axx_TA; (b) E31Axx_TA; (c) B28Axx_TA;
and (d) J26Axx_TA.

representative resulting curves plotted on top of the observed splitting parameters for the block in the vicin-
ity of station J27Axx_TA. A rather poor match is observed, suggesting that the three-layer model suggested
by Yuan and Romanowicz [2010] is not consistent with the splitting parameters. The same comparison
was made for the rest of the blocks with complex anisotropy, and none of them has a reasonable match
between the observed and calculated splitting parameters. One possible reason for the discrepancy is that
our study and the study of Yuan and Romanowicz [2010] used seismic waves in different frequency bands.
With much longer period, the surface wave can characterize long-wavelength features, while the hetero-
geneities (smaller than the wavelength) in the anisotropic materials in the lithosphere cannot be detected.
On the other side, XKS waves have shorter wavelengths and are sensitive to small heterogeneities so that the
effect of anisotropy observed by XKS waves would be wiped out if the multiple layers and/or dipping axis
of symmetry show strong heterogeneities. The above practice indicates that a three-layer model proposed
by Yuan and Romanowicz [2010] cannot satisfactorily explain the SWS measurements, and the two-layer
model presented in the previous section is adequate to represent the anisotropic structure in areas with
complex anisotropy.

4.3. Anisotropy Depth Analysis
For Areas A and B which have simple anisotropy (Figure 7), we search the optimal depth of the observed
anisotropy by computing a spatial variation factor [Gao et al., 2010; Liu and Gao, 2011]. A detailed descrip-
tion of the procedure and an accompanying FORTRAN program can be found in Gao and Liu [2012]. The spa-
tial variation factor, Fv , is computed for each depth from 0 to 400 km with an interval of 5 km [Liu and Gao,
2011]. Figure 10 shows the calculated Fv for the Superior Craton (Area A) and the eastern part of the Yavapai
province (Area B). Beneath the Superior Craton, the depth estimate shows that the main contribution to
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calculated based on the three-layer model of Yuan and Romanowicz [2010] described in the text.
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Figure 9. Synthetic seismograms and associated splitting parameters of a three-layer model. (a) Original transverse
components; (b) energy on the original transverse components displayed as a percentage of that of the presplitting
shear wave; (c) same as Figure 9b but for the corrected transverse components; (d) resulting apparent fast orienta-
tions; (e) resulting apparent splitting times. The black solid lines in Figures 9d and 9e are theoretical three-layer splitting
parameters based on Silver and Savage [1994].
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Figure 10. Anisotropy depth analysis for Areas A and B (Figure 7), estimated using the approach of Gao and Liu [2012].

the observed anisotropy comes from a depth of about 230–250 km, which is consistent with the depth
of the lithosphere suggested by previous seismic tomography studies. van der Lee and Frederiksen [2005]
and Bedle and van der Lee [2009] showed that the lithosphere thickness of the Superior Craton was
200–250 km, and Darbyshire et al. [2007] and Darbyshire and Lebedev [2009] inferred from Rayleigh wave
phase velocity inversion that in our study area, the Superior province had a lithospheric thickness of approx-
imately 140–200 km. Beneath the eastern Yavapai province, the resulting depth ranges from 200 to 230 km
which is also consistent with previous estimates [Yuan and Romanowicz, 2010]. Such agreements suggest
that the observed anisotropy mostly originates from the upper asthenosphere, a conclusion that is similar to
the southern Great Plains [Refayee et al., 2013].

4.4. Possible Lithospheric Contributions to Observed Anisotropy
Previous studies argued that much of the detected anisotropy beneath the study area had a lithospheric
origin based on a limited number of SWS measurements [e.g., Silver and Kaneshima, 1993; Frederiksen et al.,
2013b]. As discussed below, although it is difficult to distinguish the contribution from the lithosphere and
asthenosphere in areas where the APM is parallel to the Proterozoic sutures, several pieces of evidence sug-
gest that collisional orogenies associated with the suture zones did not create significant vertically coherent
deformation in the lithosphere, perhaps with the exception of the Superior Craton in the study area.

1. Small splitting times are observed along the suture zones. The maximum compressional strain in the
study area is expected to be found along the suture zones, and consequently, large splitting times should
be observed in the vicinity of the suture zones if the anisotropy is generated by compression. However,
such a correlation is not observed at most of the suture zones (Figure 4). On the contrary, small split-
ting times are observed in the vicinity of the Yavapai-Penokean, the Yavapai-Mazatzal, and the THO-
Penokean sutures.

2. With the exception of the Superior Craton, large splitting times are not positively correlated with litho-
spheric thickness revealed by seismic tomography [e.g., Darbyshire et al., 2007; Darbyshire and Lebedev,
2009; Burdick et al., 2014]. The largest splitting times in the study area (up to 1.7 s) are found in the Supe-
rior Craton, which has the greatest lithospheric thickness in the study area [van der Lee and Frederiksen,
2005; Bedle and van der Lee, 2009]. The similarity between the direction of the APM and the dominant
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orientation of lithospheric structures in the Superior Craton makes it impossible to separate the contri-
butions of fabrics in the lithosphere and the asthenosphere. Thus, the contributions from the lithosphere
in this area cannot be quantified using SWS alone. Surface wave anisotropy studies [e.g., Yuan and
Romanowicz, 2010] revealed an equivalent splitting time of about 1.0 s in the lithosphere, suggesting
significant lithospheric contributions to the observed large splitting times in the Superior Craton.

3. The observed fast orientations are not parallel to some of the terrane boundaries. For instance, the major-
ity of the fast orientations observed in the THO and the MCR are not consistent with their strikes. A
pure-shear rifting mechanism, where both sides of the rift are pulled apart evenly [Wilson et al., 2005],
would cause a series of parallel fast orientations parallel to the dikes if the anisotropy is lithospheric [Gao
et al., 1997; 2010]. This parallelism is not observed.

4. Results of anisotropy depth analysis do not support a lithospheric origin. Results of the depth estimates
using spatial coherency of SWS parameters (Figure 10) suggest that the depth of the anisotropy source
is in the range of 220–250 km. These values are consistent with the thickness of the lithosphere beneath
the area from various seismic tomography studies [van der Lee and Nolet, 1997; Darbyshire and Lebedev,
2009; Bedle and van der Lee, 2009 Yuan and Romanowicz, 2010; Burdick et al., 2012, 2014]. Such agreements
suggest that the observed anisotropy mostly originates from the base of the lithosphere and/or the top of
the asthenosphere, where the maximum shear strain is expected.

4.5. An Asthenospheric Origin Model
For the majority of the study area, the lack of significant lithospheric contribution and the results of depth
estimates (Figure 10) discussed above indicate that most of the observed anisotropy has an asthenospheric
origin. A certain degree of coupling caused by the difference in viscosity between the lithosphere and
the asthenosphere would generate an APM-parallel anisotropy in the upper asthenosphere [Marone and
Romanowicz, 2007; Refayee et al., 2013]. A smaller viscosity difference would lead to a larger degree of
coupling [Doglioni et al., 2011], causing a larger splitting time.

Studies on geodynamic modeling and seismic tomography [Becker et al., 2006; Forte et al., 2007] indicated
a dominantly northeastward directed asthenospheric flow (relative to the lithosphere) beneath most part
of the study area. A mantle flow system proposed by Refayee et al. [2013] provides a viable explanation for
the measurements observed on the southwestern edge of the North American continent. Here, we combine
our results with those by Refayee et al. [2013] and propose a mantle flow model (Figure 11) that can explain
most of our observations.

In the model, the central United States is divided into five zones with different dominant anisotropy-forming
mechanisms. This model suggests that partial coupling between the lithosphere and the underlying
asthenosphere is responsible for the APM-parallel simple anisotropy observed in Zones I and V (Figure 11).
The larger-than-normal splitting times beneath the Superior Craton (Zone II) probably imply a greater
degree of coupling between the lithosphere and the asthenosphere, as the result of a reduced viscosity
contrast between the thick lithosphere and the asthenosphere. Alternatively, they may reflect significant
lithospheric contributions.

The continental root moving southwestward (relative to the asthenosphere) deflects the asthenospheric
flow along its western edge (Figure 11, the N-S section of Zone IV), leading to N-S fast orientations. The flow
system changes its direction and turns eastward around the southwest corner of the North American con-
tinent. The southwestward movement of the North American continent also induces a flow system along a
lithospheric channel (Zone III in Figure 11), which is a zone of thinned lithosphere, approximately beneath
the northern boundary of the Yavapai province. The existence of the channel is suggested by surface wave
tomography using USArray data [Frederiksen et al., 2013a]. We propose that simple shear between the flow
system in the channel and the lithosphere is responsible for the anisotropy of the top layer observed in Zone
III, and partial coupling between the flow in the channel and the underlying asthenosphere leads to the
APM-parallel anisotropy in the bottom layer.

A joint point of the channeled and deflected flow systems may exist beneath the northern Rio Grande rift
(Figure 11), approximately at (106.5◦W, 40.0◦N). The mantle flow separates from this point, with one branch
traveling southward and another moving northeastward along the lithospheric channel. The existence of
the joint point is supported by the spatially rapid-varying splitting parameters near the proposed location.
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Figure 11. Schematic diagram showing direction of flow lines in the asthenosphere relative to the lithosphere with a
background of P wave velocity anomalies at the depth of 200 km [Burdick et al., 2012]. The short solid arrows indicate
shear strain in the asthenosphere beneath the continent associated with APM, and the thick dashed arrows represent
flow deflected by the bottom of the North American lithosphere and flow in the lithospheric channel. The thin bars
represent individual shear wave splitting measurements, and the black dot is the joint point of the flow systems. The
purple dash lines isolate five zones with different dominant anisotropy-forming mechanisms.

5. Conclusions

Over 4000 pairs of shear wave splitting parameters with unprecedented spatial resolution are observed on
the northern Great Plains of North America. Although lithospheric contributions to the observed anisotropy
can not be completely ruled out especially beneath the Superior province, depth estimates using spatial
coherency of the splitting parameters and the dominantly APM-parallel fast orientations imply that coupling
between the lithosphere and the asthenosphere is the most likely cause of the observed anisotropy. Along
the northern boundary of the Yavapai province, beneath which a zone of thinned lithosphere is revealed by
seismic tomography, a double-layer anisotropy model can satisfactorily explain the azimuthal dependence
of the splitting parameters. The top layer is most likely associated with simple shear between the base of the
lithosphere and mantle flow in the lithospheric channel, and anisotropy in the lower layer could originate
from the differential movement between the channel flow and the underlying APM-parallel flow, which is
also responsible for the APM-parallel anisotropy observed in areas with simple anisotropy. We propose that
the edge-parallel flow system is driven by the southwestward movement of the bottom of the continen-
tal lithosphere, which gradually deepens toward the interior of the North American continent, as revealed
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by seismic tomography studies [van der Lee and Frederiksen, 2005; Darbyshire et al., 2007; Bedle and van der
Lee, 2009; Darbyshire and Lebedev, 2009; Burdick et al., 2014]. Such movement deflects mantle flow and leads
to N-S and E-W oriented fast orientations observed along the western and southern edges of the North
American continent, respectively. Results from this study, when combined with those from previous shear
wave splitting and other geophysical modeling and observational investigations, support the notion that
shear strain associated with partial coupling between the lithosphere and the asthenosphere contributes
to the bulk of the observed anisotropy on plates with a significant differential movement relative to the
underlying asthenosphere.
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